Objective: Mucopolysaccharidosis IIIA or Sanfilippo disease type A is a progressive neurodegenerative disorder presenting in early childhood, caused by an inherited deficiency of the lysosomal hydrolase sulfamidase. New missense mutations, for which genotype-phenotype correlations are currently unknown, are frequently reported, hampering early prediction of phenotypic severity and efficacy assessment of new disease-modifying treatments. We aimed to design a method to determine phenotypic severity early in the disease course. Methods: Fifty-three patients were included for whom skin fibroblasts and data on disease course and mutation analysis were available. Patients were phenotypically characterized on clinical data as rapidly progressing or slowly progressing. Sulfamidase activity was measured in fibroblasts cultured at 37 8C and at 30 8C. Results: Sulfamidase activity in fibroblasts from patients homozygous or compound heterozygous for a combination of known severe mutations remained below the limit of quantification under both culture conditions. In contrast, sulfamidase activity in fibroblasts from patients homozygous or compound heterozygous for a known mild mutation increased above the limit of quantification when cultured at 30 8C. With division on the basis of the patients' phenotype, fibroblasts from slowly progressing patients could be separated from rapidly progressing patients by increase in sulfamidase activity when cultured at 30 8C (p < 0.001, sensitivity 5 96%, specificity 5 93%). Interpretation: Phenotypic severity strongly correlates with the potential to increase sulfamidase activity in fibroblasts cultured at 30 8C, allowing reliable distinction between patients with rapidly progressing or slowly progressing phenotypes. This method may provide an essential tool for assessment of treatment effects and for health care and life planning decisions.
E.C.3.10.1.1) 7 and is the most common of the 4 subtypes.
It is increasingly recognized that the progression of the disease varies considerably from patient to patient. In contrast to the classical severe phenotype, a more attenuated phenotype has been observed in some patients, characterized by cognitive and motor functions that remain stable for many years. 8, 9 In a recent study, MPS IIIA patients were sorted into 2 phenotypic groups: rapidly progressing (RP) and slowly progressing (SP). 2 The variability in disease progression is related to variations in residual SGSH activity due to different missense mutations and allelic heterogeneity, and strong genotype-phenotype correlations have been shown in several studies. 1, 10, 11 However, new missense mutations are frequently reported, hampering the early assessment of phenotypic severity in these patients. 12, 13 As a diseasemodifying treatment of MPS IIIA is imminent, with gene therapy now in trials, 14, 15 early diagnosis will be paramount, for example, by newborn screening (NBS), to allow timely initiation of treatment. Early assessment of the phenotype, even before the onset of clinical signs and symptoms, will thus be crucial both for the selection of patients for trials and for the assessment of treatment effects.
Based on previous studies of MPS IIIB, 16 we aimed to determine a method for predicting phenotypic severity in MPS IIIA patients using temperature sensitivity of residual SGSH activity in cultured fibroblasts. 16 
Subjects and Methods

Patients
All known MPS IIIA patients at our center for whom skin fibroblasts, disease course data, and mutation analysis data were available were included in this study (Tables 1 and 2 ). Patients 
Residual SGSH Activity
Experimenters measuring SGSH activity were blinded to the phenotypic classification of each patient (RP or SP). Cell pellets were resuspended in Milli-Q (Millipore, Bedford, MA) and disrupted by sonication using a Vibra Cell sonicator (Sonics Materials, Newton, CT). The protein concentrations in the cell lysates were determined by using a bicinchoninic acid assay as described by Smith et al. 17 Bovine serum albumin diluted in Milli-Q was used as a standard. For measuring residual SGSH activity, the fluorometric assay described by Karpova et al 18 was optimized for incubation time and protein concentration. As SGSH activity was linear up to at least 24 hours of incubation time and up to a final protein concentration of 0.33mg/ml 21 (Fig 1) , these conditions were chosen for the assay. The normal SGSH activity in fibroblasts of healthy controls ranges from 2 to 8nmol/h 21 / mg 21 . We found that SGSH activity could be measured in fibroblasts with a limit of detection of 0.019nmol/h 21 /mg
21
(0.95% of lower limit of normal [LLN]) and a limit of quantification of 0.062nmol/h 21 /mg 21 (3.1% LLN), defined as 3 and 10 times the standard deviation of 10 blank sample measurements, respectively. Intra-and interassay variation measured in control fibroblast lysates (n 5 10) were 3% and 7%, respectively. 4-Methylumbelliferyl 2-deoxy-2-sulfamino-a-Dglucopyranoside (4-MU-GlcNS; Carbosynth, Compton, UK) was used as a substrate. Residual SGSH activity was determined using a 2-step assay. The assay mixture (30 ml final volume, pH 5 6.5, adjusted with HCl) contained 3.3mM 4-MU-GlcNS, 19.3mM sodium barbital, 19.3mM sodium acetate, and 77.3mM NaCl. The reaction was initiated by the addition of the cell lysates (10 mg protein). After 24 hours of incubation at 37 8C, 6 ml of 0.4M sodium phosphate, 0.2M citrate (pH 5 6.7), and 10 ml of a-glucosidase (10U/ml 21 , dissolved in 2g/l 21 heatinactivated [20 minutes at 60 8C] bovine serum albumin [BSA]) were added followed by a 24-hour incubation at 37 8C to release the fluorochrome 4-MU. The reaction was stopped by adding 454 ml of 0.2M Na 2 CO 3 , 0.5M glycine (pH 5 10.5). The amount of 4-MU was quantified using a fluorometer (Perkin Elmer, Waltham, MA; excitation 5 360nm, emission 5 450nm) and an external 4-MU standard curve (Glycosynth, Warrington, Cheshire, UK). All enzyme activity assays were performed in duplicate.
Western Blotting
Cell lysates were diluted with NuPAGE 4 The membranes were washed 5 times in PBSt and incubated with goat-antirabbit IgG (1:10,000 in PBSt; IRDye 800CW, LI-COR, Lincoln, NE) for 1 hour at room temperature. Subsequently, the membranes were washed 5 times in PBSt, and the SGSH bands were visualized using an Odyssey Infrared Imaging System and software (LI-COR).
GAG Analysis
Cell lysates were diluted to 0.5mg/ml 21 . HS levels were measured as described previously 19 with minor modifications. In the final deproteination step, samples were loaded on an Amicon Ultra 10kD centrifugal filter (Millipore) instead of using a 30kD filter.
Immunofluorescence Microscopy
For immunofluorescence microscopy, fibroblasts were grown on glass coverslips in 6-well plates (Sigma-Aldrich, St Louis, MO) for 24 hours after culturing as described for the SGSH activity assay. 
Statistical Analysis
Data were analyzed using SPSS software for Windows (v23.0, SPSS, Chicago, IL). Descriptive statistics were used to describe gender, phenotype, and frequency of death and to calculate the median age at loss of meaningful verbal communication and loss of independent walking. Because most of the SGSH activities remained below the limit of quantification, categorical analysis was used to analyze the relationships between residual SGSH activities under different culture conditions and phenotypes as assessed by the clinical experts. Fisher exact test was used to compare binary SGSH activities (below or above the limit of quantification) between the phenotypic groups and to determine sensitivity and specificity. Mann-Whitney U test was used to investigate the distribution of HS levels between the phenotypic groups. A probability value of <0.05 was considered statistically significant.
Quantitative Real-Time Polymerase Chain Reaction
For total RNA isolation from human fibroblasts, TRI Reagent (Sigma-Aldrich) was used, and cDNA was produced using Quantitect Reverse Transcription Kit (Qiagen, Hilden, Germany). Real-time polymerase chain reaction (PCR) analysis for SGSH was performed using LightCycler 480 SYBR Green I Master, and cDNA samples were run on the LightCycler480 Instrument (Roche, Mannheim, Germany). Data were analyzed using linear regression calculations. All analyses were performed in triplicate. SGSH mRNA was normalized using the geometric mean derived from the reference genes cyclophilin B (PPIB) and H3 histone family member 3A (H3F3A). Primer sequences were ctctttcgcaatgccttcac (hSGSH2cdna175F) and tgtcgaaggagttgaagtgg (hSGSH2cdna288R).
Results
Patients
Fifty-three confirmed MPS IIIA patients from 42 families were included in this study. Twenty-nine were male (54.7%), and 24 were female (45.3%; see Tables 1 and  2) . Twenty-six patients were classified by the expert panel as having the RP phenotype (49%), and 27 patients were classified by the expert panel as having the SP phenotype (51%). At the time of this study, 32 of the 53 patients (60.4%) were deceased. The median age of death was significantly younger for the RP patients (n 5 22, median 5 16.5 years, range 5 7-25 years) than for the SP patients (n 5 10, median 5 33.5 years, range 5 23-60 years; p < 0.001). The median age at loss of speech was 6 years for the RP patients (range 5 4-10 years) and 15 years for the SP patients (range 5 5-47 years; p < 0.001). The median age at loss of walking was 11 years in the RP group (range 5 5-19 years) and 25 years in the SP group (range 5 17-47 years; p < 0.001).
Mutations
To date, 137 different mutations have been reported in the Human Gene Mutation Database (www.hgmd.cf.ac.uk), of which the majority are missense mutations. 20, 21 The patients in this study carried 14 different mutations in the SGSH gene, which included all but 1 previously reported as pathogenic. 11, [22] [23] [24] The c.820A>G (p.N274D) mutation found in Patient 53 (see Table 2 ) was not previously reported but was predicted to be pathogenic by SIFT, Mutation Taster, and Polyphen-2 prediction software.
SGSH Activity in Fibroblasts after Culturing at 37 8C and at 30 8C Residual SGSH activity was measured in skin fibroblasts cultured at 37 8C and at 30 8C to determine the relationship between both genotype (divided into 3 groups based on previous studies 1,10,11 and phenotype (divided into 2 groups by the experts) and the potential to upregulate SGSH activity at low temperature. The genotypic groups were based on previously described genotype-phenotype correlations. 11 Group 1 consisted of patients homozygous or compound heterozygous for a combination of the common severe mutations p.R245H, p.Q380R, p.S66W, and c.1080delC (23 patients). Group 2 consisted of patients heterozygous for a known mild and a known severe mutation (18 patients). Group 3 consisted of FIGURE 2: Residual sulfamidase (SGSH) enzyme activity in fibroblasts at 37 8C and at 30 8C. Group 1 (n 5 23) was homozygous or compound heterozygous for the common severe mutations p.R245H, p.Q380R, p.S66W, or c.1080delC. Group 2 (n 5 18) was compound heterozygous for 1 of the severe mutations and the mild p.S298P mutation. Group 3 (n 5 4) was homozygous for the mild p.S298P mutation. The limit of quantification is indicated as a dashed line. patients homozygous for the known mild mutation p.S298P (4 patients).
Residual SGSH activity in cell lines from patients in Group 1 (23 patients) remained below the limit of quantification at both culture temperatures (Fig 2) . In contrast, homozygosity for the previously reported "mild" mutation p.S298P (4 Fisher exact test, p < 0.001 with a sensitivity and specificity of 96% and 93%, respectively; Fig 3) . The increase in residual activity of SP fibroblasts was up to 43% of the lower limit of normal SGSH activity.
Western Blot and Quantitative PCR Western blot analysis for SGSH showed an immunoreactive band at 56kDa in control cell lines, in accordance with previous publications (Fig 4) . 25, 26 In line with the very low to absent enzyme activity, no SGSH protein was detected in fibroblasts from patients homozygous or compound heterozygous for common severe mutations under both culture conditions. However, in cell lines carrying the attenuated genotypes p.S298P/p. however, the mature 56kDa active form did not increase ( Fig  5) . These findings were confirmed by the lack of increase, and even decrease, in SGSH activity after addition of bortezomib. The fibroblasts of Patient 53, who has an attenuated phenotype and carries a previously unreported mutation (p.N274D) in combination with a common severe mutation, showed increased SGSH protein concentration after being cultured at 30 8C. Remarkably, SGSH activity was not increased by culturing fibroblasts at 30 8C (see Fig 3) .
Heparan Sulfate Concentration in Fibroblasts
Cultured at 37 8C and at 30 8C HS levels were measured in fibroblasts from 8 RP and 9 SP patients under different culture conditions to verify whether the increase in SGSH activity in SP fibroblasts cultured at 30 8C led to a decrease in its substrate ( Fig  6) . No significant difference in HS levels between RP and SP patients was found when cells were cultured at 37 8C. Consistent with the increased SGSH activity in fibroblasts cultured at 30 8C, a significant difference in HS levels was observed between RP and SP patients; significantly lower HS levels were observed in fibroblasts from SP patients than in those from RP patients (Mann-Whitney U test, p < 0.001). Fibroblasts from patients with the SP phenotype had HS levels comparable to those of control fibroblasts.
Immunofluorescence
To confirm the results obtained by Western blot and to verify the lysosomal localization of the increased SGSH concentration, we analyzed the cellular distribution of SGSH by immunofluorescence microscopy using a monoclonal antibody for SGSH. A punctate pattern was observed in both cell lines carrying p.S298P/p.T421R (Patient 29) and cell lines carrying p.R74C/p.N274D (Patient 53) when cultured at 30 8C, indicating that SGSH is likely localized to lysosomes (Fig 7) .
Discussion
We show that the ability to increase residual enzyme activity in fibroblasts cultured at 30 8C is strongly associated with the SP phenotype in MPS IIIA. In addition, we show that the increased enzyme activity corresponded to an increase in the concentration of the SGSH protein and a decrease in its substrate, HS, confirming its biological activity. These results are in line with the lysosomal localization of SGSH demonstrated by immunofluorescence. Because these findings are based on a Dutch patient population containing a homogenous set of mutations, it would be expedient to repeat our studies in Tables 1 and 2 . RP 5 rapidly progressing; SP 5 slowly progressing. populations with different genotypes to confirm our findings. The potential to increase residual enzyme activity in fibroblasts cultured at a low temperature has been reported previously in the context of other genetic diseases, including MPS IIIB. 16, 27, 28 The increase in SGSH activity in the fibroblasts of SP patients was up to 43% of the lower limit of normal activity. Previous studies of other lysosomal enzymes, including glucosylceramide bglucosidase and b-hexosaminidase A, did show that 10 to 15% of the residual lysosomal enzyme activity prevented the accumulation of metabolites. 29, 30 This, in combination with the observation that HS levels even normalized in some fibroblast cell lines at 30 8C, suggests that this effect might be of clinical relevance if the same effect were induced, for example, by pharmacological chaperones. However, the underlying mechanism of this upregulation of residual enzyme activity at a low temperature in the fibroblasts of patients with the attenuated SP phenotype has not yet been elucidated. We hypothesize that certain missense mutations may result in improved protein folding and/or a decrease in protein degradation at lower temperatures and that these characteristics are related to higher residual activity in vivo, leading to a less severe phenotype. With addition of bortezomib, the precursor of SGSH increased; however, the 56kD band representing the mature protein did not. These findings show that inhibiting proteosomal degradation of mutant protein does not result in more active protein. Also, SGSH activity did not increase with bortezomib. To investigate involvement of protein synthesis, a qPCR was performed on cells cultured at both temperatures. No significant increase in mRNA expression was found at 30 8C (data not shown). These results reinforce that the increase in SGSH activity found at 30 8C is more likely a result of improved processing/folding than of an increased synthesis and/or decreased degradation. Currently, a number of clinical trials are investigating different disease-modifying treatment options for MPS IIIA, including gene therapy and high-dose synthetic genistein. 14, 15 The prediction of untreated disease progression (in RP or SP patients) is crucial for the inclusion of patients in trials, as the assessment of treatment effects must be related to the expected natural history of the disease. A recently published prospective natural history study provided essential data and showed that patients with the RP phenotype plateaued in cognitive development by 30 months, followed by a rapid regression after 40 to 50 months, whereas children with an SP phenotype had a similar but more prolonged course. 2 In that publication, patients were separated post hoc into those with the RP and SP phenotypes based on the age at diagnosis (before or after 6 years of age) and/ or a known severe genotype. We feel that the age at diagnosis cannot be used as a universal criterion, as it will depend on the availability and structure of the health care system in different countries. Furthermore, there is no doubt that the efficacy of any disease-modifying therapy for MPS IIIA will depend on the timing of the start of treatment and that early and even presymptomatic treatment is likely to result in the best outcome. Early diagnosis will thus be essential and can only be achieved by increasing awareness for MPS III and, probably best, by NBS. Earlier studies showed that NBS for MPS IIIA is feasible, for example, by measuring HS concentrations or lysosomal protein concentrations in dried blood spots. 22, 31, 32 Early diagnosis, especially through NBS, will make reliable assessment of the phenotype crucial, either by genotyping or, if that is inconclusive, by other methods such as the method reported here. Classification using our newly developed in vitro method did not match the clinical classification for only a few patients.
Fibroblasts from 1 patient classified as RP (Patient 13) exhibited an increase in SGSH activity and a decrease in HS when cultured at 30 8C (see Figs 3 and 6). However, this patients' sibling, Patient 38, with the same p.S298P/c.1080delC genotype and the same responses in the biochemical assays, was classified as SP. The more severe course of the disease in Patient 13 might be related to the frequent occurrence of severe intermittent illnesses during childhood, which illustrates that disease severity is dependent not only on genotype but also, at least in part, on external factors. Furthermore, fibroblasts from 2 patients clinically classified as SP (Patients 50 and 53) did not exhibit increases in SGSH activity levels at 30 8C. Patient 50 was compound heterozygous for 2 classic severe mutations. However, the phenotypic classification of this patient was probably influenced by maintaining the ability to walk longer and dying at an older age than most RP patients. This illustrates that the MPS IIIA phenotype occurs on a spectrum that cannot be fully separated within 2 categories. This spectrum of severity is also supported by the intermediate response of SGSH activity at 30 8C observed in fibroblasts from patients who are compound heterozygous for a classical severe mutation and a classical mild mutation (see Fig 2) . Patient 53 has a remarkably attenuated phenotype; therefore, she was classified as SP. She is compound heterozygous for a severe (p.R74C) mutation and a previously unreported mutation (p.N274D). Cultured fibroblasts exhibited increase in protein concentration, as measured by Western blotting, and decrease in HS when cultured at 30 8C. Surprisingly, SGSH activity level in the in vitro assay was not increased when fibroblasts were cultured at 30 8C. It appears that the p.N274D mutation does not change substrate affinity, because a 5-fold increase in substrate concentration did not reveal any residual activity (data not shown). One possible explanation might be instability of the mutant protein in the in vitro assay medium. Therefore, the sensitivity of the prediction tool might be improved by combining enzyme activity at 30 8C with the measurement of HS levels and/or Western blotting.
In conclusion, we demonstrate a significant distinction between RP and SP MPS IIIA patients when assessing SGSH activity in skin fibroblasts cultured at 30 8C, and we suggest that this method can be used to predict phenotypic severity in MPS IIIA, which will be essential for trial design and for the future inclusion of MPS III in NBS panels. Furthermore, in the absence of a disease-modifying treatment, reliable prediction of the phenotype will help parents and caregivers with health care and life planning decisions.
